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Abstract 
We describe a ray-tracing approach for isotextured solar cells. The approach is founded on the spherical cap model for isotexture, 
where the spherical caps are contained in cylindrical unit cells. The rays that intercept the sides of unit cells are partially 
randomized onto the sides of neighboring cylinders, and the rays that intercept the bottom of the unit cells are transferred to the 
bulk of the solar cell, which is represented by a rectangular prism. This approach introduces randomness to the isotexture model 
and couples the texture to other 2D or 3D features of the cell, such as fingers, contacts and glass texture. Simulations of 500,000 
rays are typically solved in less than five minutes, even for modules with textured glass and thin films. The approach is 
demonstrated by evaluating isotextured wafers in terms of (i) escape reflection and light trapping, (ii) reflection vs the angle of 
incidence, and (iii) their behavior after encapsulation. The simulations indicate that relative to random pyramids, isotexture 
provides similar light trapping when the rear of the cell is Lambertian, and superior light trapping when the rear is planar and 
specular, but this additional light trapping does not compensate for its poorer front reflection. We also conclude that for an 
increasing incident angle, the relative advantage of random pyramids over isotexture decreases for unencapsulated cells, and 
increases slightly for encapsulated cells. 
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1. The spherical cap model 
Inverted spherical caps have been successfully employed to simulate the optical behavior of isotexture. Several 
studies have found that under normally incident light, the hemispherical external reflection can be accurately 
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simulated using a best-fit characteristic angle Ȧ [1–6] (defined in Fig. 1(a)) for a given isotexture quality; moreover, 
the best-fit value of Ȧ is approximately constant before and after the deposition of a thin film [2]. 
Under normally incident light, the external reflection from inverted spherical caps can be quickly determined by 
applying geometrical simplifications, such as treating the spherical surface as N concentric rings and tracing a single 
ray for each ring [1, 3, 7]. This approach was extended by Li et al. [1] to approximate light trapping within 
isotextured wafers, where the calculated total reflection at long wavelengths (including escaped light) is consistent 
with the measured reflection to within ±7% absolute for isotexture over the range Ȧ = 28–51°. It is challenging, 
however, to derive such geometrical simplifications for non-normal incident angles, and an improved prediction of 
light trapping within isotextured wafers is desirable. 
Encapsulated isotextured solar cells have also been simulated with the spherical cap model for normally incident 
light [2, 3, 5, 6, 8]. Simulating encapsulated isotextured cells is more complicated than bare cells because a large 
fraction of the light reflected from the cell is total-internally reflected at the glass–air interface and then returned to 
the cell at non-normal incidence [2, 3, 8]. Baker-Finch et al. approximate this effect by assuming the reflection from 
isotexture to be Lambertian and independent of the incident angle, an assumption that was experimentally justified 
on high-Ȧ isotexture for incident angles between 0° and 60° [3, 8]; and Peters et al. approximate the effect by 
assuming that after total-internal reflection all rays are returned to intersect the spherical cap at the same angle of 
incidence as the initial intersection with the spherical cap surface, thereafter escaping from the module [5]. The error 
introduced by either simplification is difficult to assess without ray tracing. 
A full ray tracing study of isotextured wafers has been performed by Baker-Finch [3] who examined light 
trapping for solar cells with a planar rear surface that was either specular or Lambertian. It was predicted that light 
trapping in high-Ȧ isotextured cells should be slightly inferior to random pyramids, where the fraction of transmitted 
light absorbed in the silicon was 1–2% less for isotexture. The results of these simulations were not compared to 
experiment, but they are consistent with our findings in Section 5.1. 
More recently, Greulich et al. used ray tracing to simulate an isotextured solar cell as a single cylindrical unit cell 
with an inverted spherical cap surface at the top [6]. The resulting escape reflection and current generation were 
consistent with those of experimental test structures—both encapsulated and unencapsulated—for Ȧ = 60°. 
In Ref. [9] we will show that ray tracing predicts the transmission and total reflection from bare isotextured 
wafers to within 3% absolute of experimental data at all relevant O for six samples over the range Ȧ = 0–70°. 
In summary, the spherical cap model has been found to offer a good representation of isotextured silicon when 
predicting reflection from the front surface under normal incidence. Studies also suggest that it also predicts the light 
trapping within isotextured solar cells to acceptable accuracy. To date, however, the spherical cap model has only 
been applied as a single cylindrical unit cell, which does not permit the simulation of 2D/3D features such as fingers, 
backsheets between cells, and non-circular texture on the glass or rear. In this work, we describe how the spherical 
cap model can be implemented within a ray tracer capable of simulating complicated solar cells and modules and we 
provide examples that demonstrate its application. 
 
Fig. 1. (a) An inverted spherical cap and (b) its underlying half-space. They are both cylindrical unit cells. 
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Nomenclature 
k Imaginary component to the refractive index. 
n Real component to the refractive index. 
N  Number of concentric rings used to simulate a spherical cap in the approach taken by OPAL 2. 
Ȝ Wavelength. 
Ȧ Characteristic angle of textured feature, e.g. of an inverted spherical cap or pyramid. 
2. Cylindrical unit cells 
As shown in Fig. 1, an inverted spherical cap and its underlying half-space are cylindrical unit cells. This poses 
two problems: (i) How is a ray transferred from the bottom (or top) of a cylindrical unit cell to the bulk of the solar 
cell? and (ii) How is a ray transferred from one unit cell to a neighboring unit cell? 
These problems do not arise when simulating the external reflection from cells (as in [1–6]) because (i) there is no 
need to link cylindrical and rectangular prisms, and (ii) the caps are convex and no ray can be reflected from one cap 
to another. The two problems can also be circumvented when simulating light trapping within isotextured cells by 
representing the cell (and encapsulation) as a cylindrical unit cell (as in [3, 6]), but this solution is not compatible 
with simulating cells or modules with metal grids and other 2D/3D features. 
There are several ways to address each problem; none are complicated but an approach must be chosen 
nonetheless. We address the first problem by selecting a random location within the circumference of the cylinder’s 
base whenever a ray is transferred from the bulk to the cylinder, and we select a random location within the xy limits 
of the cylinder whenever a ray is transferred from the cylinder to the bulk. This is best understood with Fig. 2(a). 
Thus, the isotexture is treated as an array of randomly located inverted spherical caps. Note that (i) when a new 
location is selected, the global position of the ray is translated by the equivalent translation that occurs in the unit 
cell, and (ii) the same approach is taken to transfer rays from the spherical cap to overlying encapsulants. 
 The second problem arises when a ray intersects the side of the cylindrical half-space. One solution is to use 
rectangular or hexagonal unit cells but this introduces complexity that slows the simulation (due to there being more 
facets). A second option is to reflect the ray at the unit-cell boundary [6], which is equivalent to treating the cell as 
having a regular array of spherical caps with no flat space between them—physically impossible but a useful 
mathematical construct. By this approach, however, the direction of the ray is altered, complicating the tracing of the 
ray’s polarization and location within the global structure. A third option, and the approach taken in the simulations 
that follow, is described and illustrated by Fig. 2(b). This approximates a random distribution of spherical caps with 
no planar area between them. Note that (i) when a ray intersects the boundary between one unit cell and its neighbor 
the global location of the ray is unchanged, and (ii) all unit cells have the same dimensions. 
3. Simulation inputs 
While there is a myriad of ways to examine isotexture—such as varying the characteristic angle, encapsulation 
materials, cell geometry and spacing, grid geometry, comparisons to other texture, and so on—the examples that 
follow are limited to an evaluation of the role of Ȧ and comparisons of isotexture to random pyramids. Material 
properties and geometries that are typical (but not universal) of modern cells and modules are applied. 
Unless otherwise stated, the examples that follow assume these inputs: The height of the texture is 2 μm whether 
it be inverted spherical caps or upright pyramids; the thickness of the silicon wafer is 200 μm (including the 
texture); the thicknesses of the glass, EVA and SiNx antireflection coating are 2 mm, 450 μm and 75 nm, 
respectively; the wavelength-dependent refractive index (i.e., n(Ȝ) and k(Ȝ)) for the Si, glass, EVA and SiNx are 
taken from references [10], [11], [12] and [13], where the latter is specifically for the SiNx film that has n = 1.96 at 
632 nm [13]; and upright pyramids are simulated with a base angle of Ȧ = 53°. When simulating cells, the internal 
rear surface is assigned a reflectance of 65% at all Ȝ and reflection is fully Lambertian, and the fingers are omitted. 
When simulating modules, the backsheet is assigned a reflectance of 95% at all Ȝ and it is also assumed fully 
Lambertian. The incident illumination is randomly polarized and changes in polarization are accounted for at every 
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reflection or transmission event (i.e., it is not assumed that the s and p components of electric field are identical at 
each interaction). Generation currents are determined for the AM1.5g spectrum. Each simulation is performed with 




Fig. 2. (a) Propagation of ray from bulk to cylinder and (b) propagation of ray after intersecting the cylindrical wall of the inverted spherical cap 
half-space. 
4. Comparison of ray tracing to OPAL 2 
Fig. 3 provides a comparison between OPAL 2 and ray tracing in relation to isotexture. It plots the external 
reflectance of a silicon wafer textured with inverted spherical caps with Ȧ = 30°, 55°, 75° and 90°, where the wafers 
are coated with (a) nothing and (b) 75 nm of SiNx. OPAL 2 [7] simulations were performed by assuming N = 100 
concentric rings [2, 7], and each ray tracing simulation was performed with 500,000 rays.  
Fig. 3 indicates that there is close agreement between the two programs at small Ȧ but that the external 
reflectance diverges as Ȧ increases. This divergence manifests as a lower external reflection for the ray tracing than 
OPAL 2 over the entire spectrum, and is greatest at Ȧ = 90° for the uncoated wafer; specifically, the external 
reflectance is ~10% lower (relative) at all wavelengths for that case. The source of the discrepancy has not yet been 
deduced but it is not attributed to the approximation that N < Ğ (an approximation made in OPAL 2 but not the ray 
tracer) because varying N between 20 and 100 led to a relative difference in the external reflectance of at most 2% 
(for N = 20, 30, 50, 90 and 100). An evaluation of the divergence is ongoing. 
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Fig. 3. External reflection of silicon in air where the silicon surface is represented by inverted spherical caps with Ȧ = 30°, 55°, 75° and 90°, and 
where the wafers are coated with (a) nothing and (b) 75 nm of SiNx; lines show OPAL 2 simulations, symbols show ray tracing simulations. 
Finally, we comment that when changes in polarization are not accounted for at each bounce, that is, when it is 
assumed that the s and p components of the electric field are identical at every interaction, the error in the external 
reflectance is small and exhibits little dependence on wavelength. For the four simulations, the average relative error 
across all wavelengths is 0%, –1%, –7% and +2% for Ȧ = 30°, 55°, 75° and 90°, respectively. An error of this 
magnitude will, for many evaluations, be sufficiently small that tracking polarization can be omitted. Neglecting to 
track polarization reduces computation time; in these examples, it was reduced by almost a factor of 2. 
5. Application 
5.1. Normal incidence 
Fig. 4(a) plots the total reflection determined from ray tracing unencapsulated solar cells with inverted spherical 
caps and random upright pyramids. The disadvantage of isotexture is evident, with the external reflection being 
substantially higher for spherical caps than for pyramids, consistent with many experimental studies. Interestingly, 
the escape reflectance is also higher but to a lesser degree. 
Fig. 4(b) plots the pathlength enhancement for the same cells. It indicates that for this structure, the spherical caps 
offer very similar light trapping to pyramidal texture. This is to be expected because the internal rear surface of the 
cell is Lambertian, which randomizes the light and leads to a similar escape fraction at the front surface. For 
specular planar rear surfaces, not shown here, we find isotexture to offer superior light trapping to pyramids for mid 
to high Ȧ, however this does compensate entirely for its poorer front reflection. 
5.2. Varying incident zenith angle 
Fig. 5 plots the results from ray tracing simulations when the incident angle is swept from 0° to 80°. This 
example case includes isotexture with four different characteristic angles (Ȧ = 48°, 54°, 67° and 80°) representing 
poor to very good isotexture. (Ȧ = 80° is, perhaps, unrealistically good for production-grade isotexture but there 
have been too few experimental studies on isotexture to confirm this.) The figure also includes results for solar cells 
whose front surface is either textured with random pyramids (Ȧ = 53°) or planar. 
In all simulations, the front surface is coated with an SiNx film whose thickness is selected to maximize the 
generation current in the silicon when exposed to AM1.5g spectrum under normal incidence; the SiNx thickness is 
within the range 77–85 nm for all textures. Each simulation is performed with 200,000 rays and solves within 1–4 
minutes, depending on the complexity of the structure. 
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Fig. 4. (a) Total reflection and (b) pathlength enhancement of silicon coated with 75 nm of SiNx where the silicon surface is represented by 
inverted spherical caps with Ȧ = 30°, 55°, 75° and 90° or random pyramids. 
Fig. 5(a) plots the external reflection from the unencapsulated wafers and compares it to planar glass. It shows 
that (i) the external reflection from all textures increase monotonically with incident angle, and (ii) although random 
pyramids reflect less than isotexture, the relative advantage of random pyramids decreases with increasing angle. 
We note that the simulation is inconsistent with the experimental data in [2], which found that the external reflection 
was constant for incident angles between 0° and 60° for an isotextured wafer with a high Ȧ. (In [2], Ȧ was 
incorrectly concluded to be 87° when in fact, it is closer to 70° [9]) The cause of the discrepancy warrants further 
investigation. 
Fig. 5(b) plots the relative advantage of random pyramids over isotexture in terms of the generation current under 
the AM1.5g spectrum—i.e. the photon current absorbed within the silicon—where results for both unencapsulated 
and encapsulated solar cells are presented. We see that (i) random pyramids remain superior to isotexture in all 
cases, (ii) the relative advantage of random pyramids over isotexture depends critically on Ȧ, and (iii) the relative 
advantage of random pyramids decreases with incident angle for bare wafers, but increases slightly for encapsulated 
wafers. We conclude therefore that, for PV modules, a comparison of random pyramids to isotexture under normally 
incident light will slightly underestimate the relative advantage of the random pyramids once they are installed in 
the field because over the course of a day and year, much of the light incident to a module is at non-normal 
incidence. 
It has previously be explained [3] that the relative advantage of pyramids over isotexture decreases significantly 
after encapsulation because isotexture’s reflection is more diffuse, and hence a greater fraction of light reflected by 
pyramids is within the escape cone at the air–glass interface and is not total-internally reflected back onto the cell. 
This is observed here too, except for in the case where both the incident angle and the isotexture’s characteristic 
angle are high; under those circumstances, the relative advantage of pyramids over isotexture increases after 
encapsulation. We also see from Fig. 5(b) that, as one would expect, this trapping by encapsulated isotexture 
increases as Ȧ increases. This study highlights the importance of measuring, controlling and maximizing Ȧ in 
production environments. 
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Fig. 5. Ray tracing results as a function of incident angle, showing (a) spectral weighted reflectance for the AM1.5g spectrum integrated between 
300–1200 nm for various texture, and (b) the relative difference between random pyramids and isotexutre for unencapsulated (solid) and 
encapsulated (open) cells. 
5.3. Textured glass simulation 
Finally, we simulate one final structure, this time with 2 mm spacing between the cells that cells are square with 
dimensions 15.6 έ 15.6 cm2, and with textured glass where this texture is regular upright pyramids with a 60° base 
angle and a height of 0.2 mm (making the glass 2.2 mm thick). Fig. 6(a) depicts the simulated structure and Fig. 6(b) 
plots the reflection and absorption in various parts of the module over the wavelength range 300–1200 nm in terms 
of photon current. We see that the random pyramids yields 0.7 mA/cm2 (~2%) more generation current due to its 
superior transmission. 
 
      
Fig. 6. (a) Simulated structure and (b) comparison of losses for inverted spherical caps (Z = 70°) and random pyramids (Z = 53°) for modules 
with textured glass (Z = 60°). 
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6. Conclusion 
We have demonstrated the ray tracing of solar cells whose front surface are textured with inverted spherical caps. 
Various scenarios were examined, including with and without encapsulation, and varying incident angle. Relative to 
random pyramids, we conclude that isotexture (i) provides similar light trapping when the rear of the cell is 
Lambertian, and (ii) superior light trapping when the rear is planar and specular (except at low Ȧ).but that any 
additional light trapping does not compensate for its poorer front reflection. We also conclude that for an increasing 
incident angle, the relative advantage of random pyramids over isotexture (i) decreases for unencapsulated cells, and 
(ii) increases slightly for encapsulated cells. 
We emphasize that the results presented here are particular to the selected input settings and are not universal. 
The ray tracer available at [14] makes it possible to rapidly examine any variations to these inputs, such as for other 
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